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Changes in the levels of reactive oxygen species (ROS) have been associated previously with cell differentiation and development in
several systems. Thus, there is interest in studying the developmental regulation of antioxidant enzymes, whose activities may modulate ROS
levels and subsequent oxidant-mediated signal transduction events in specific tissues. Our recent identification in Dictyostelium discoideum
of the prespore-specific catalase B (CatB) enzyme suggested (a) that the CatB enzyme functions to provide protection to the mature spores,
and (b) that the CatB enzyme may have a regulatory role in cell differentiation and morphogenesis. We have now confirmed both these
hypotheses. We specifically disrupted the catB gene by homologous recombination. The resulting catB null strain displays a 4-h delay in
development at the time of normal catB gene expression, followed by slow and asynchronous development of fruiting bodies, taking 10 h
longer than the isogenic parent strain. The expression of both prestalk- and prespore-specific genes was altered in the mutant both temporally
and quantitatively, and the resultant mutant spores had increased sensitivity to H2O2. This study supports the idea that CatB functions in the
development of D. discoideum by regulating the level of ROS, and adds to the growing body of evidence for regulatory roles for ROS.D 2003 Elsevier Science B.V. All rights reserved.Keywords: ROS; Cell-type differentiation; Morphogenesis; Germination; Gene regulation; Peroxisome1. Introduction
Reactive oxygen species (ROS) formed during oxidative
stress conditions are generally viewed as cytotoxic mole-
cules. Indeed, ROS-induced damage has been implicated in
the pathology of many human diseases, in the progression of
tumor formation and in aging [1–3]. However, it is now
widely appreciated that at lower concentrations, ROS have
physiological functions, and can serve as second messengers
in different signal transduction pathways. ROS have been
shown to mediate the mitogenic effects of growth factors, to
modulate gene expression by regulating the activities of
signaling proteins and transcription factors, and to stimulate
the apoptotic cell death machinery [4–7].0167-4889/03/$ - see front matter D 2003 Elsevier Science B.V. All rights reserv
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NIH, 37 Covet Dr., Bethesda, MD 20892-4255, USA.ROS have also been suggested to play distinct roles in
cell differentiation. Increased ROS levels are generated
during differentiation in a variety of systems, such as
hyphae development and conidia formation in Neurospora
crassa [8], nerve growth factor-induced neuronal differ-
entiation [9] and the cardiomyocyte differentiation of
embryonic stem cells [10]. While it is possible that the
increase in ROS is simply due to oxidative stress that
accompanies the differentiation process, there is evidence
to indicate that the increased ROS levels actually regulate
the differentiation process. Metabolic and oxygen gradients
have been suggested to influence developmental processes
via ROS formation [11,12]. Moreover, altering ROS levels
using biochemical approaches can either inhibit or accel-
erate differentiation. Hyperoxic conditions were observed to
raise ROS levels and accelerate differentiation in N. crassa,
while treatment with chemical antioxidants delayed or
prevented differentiation [8]. Antioxidant treatment has
been shown to inhibit erythroid differentiation [13], B
lymphocyte activation and differentiation [14] and cardio-
myogenesis [10].ed.
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ment may be the result of the developmental regulation of
antioxidant enzyme activities. Changes in the activities and/
or tissue specificity of superoxide dismutase, catalase and
glutathione peroxidase enzymes during development have
been observed in many different systems such as sporula-
tion in Physarum, dauer larva formation in C. elegans,
amphibian metamorphosis and mammalian fetal lung devel-
opment [11,12]. However, it is still unclear whether the
differential regulation of antioxidant enzyme activities is
merely a response to changes in oxidative stress during
development, or is a component of the developmental
program, to modulate the utilization of ROS as regulators
of differentiation.
Dictyostelium discoideum is a widely used model for
studies in cell and developmental biology, because it is
amenable to detailed studies of the biochemical and cellular
events during differentiation and morphogenesis [15–17].
Here we use D. discoideum to study the role of catalase
enzymes in regulating development. Previously we identi-
fied and characterized two D. discoideum catalase genes,
catA and catB [18], and showed that these catalases were
differentially expressed both spatially and temporally during
growth and development. Catalase A (CatA) is a peroxisomal
enzyme that is maintained at a constant level in mitotically
dividing cells and throughout multicellular development, and
becomes enriched in prestalk cells. In contrast, catalase B
(CatB) is a cytosolic enzyme, expressed exclusively in
prespore cells during late development and is present in the
mature spores. The unique localization of CatB to the spores,
as well as reports that alterations in ROS levels can alter
development in other organisms, suggested that CatB has a
specific function in morphogenesis and spore differentiation.
To test this hypothesis, we have specifically disrupted the
catB gene by homologous recombination. We show that
deletion of the gene has resulted in altered morphogenesis
and in mature spores with compromised resistance to oxida-
tive stress.2. Materials and methods
2.1. Strains and conditions for growth and development
Strain Ax4, the parental strain used for generating the
catB disruption mutant, was grown axenically in HL-5
medium [19]. Cells were used or passed when they reached
a density of 2–3 106 cells/ml. SG1 was grown on SM agar
plates in association with Klebsiella aerogenes [20]. Both
SG1 and Ax4 are derivatives of strain NC4. We established
that both strains express equivalent levels of CatA enzyme in
mitotically dividing cells (data not shown).
For development, cells were harvested and washed in
cold LPS buffer (20 mM KCl, 2.5 mM MgCl2, 40 mM K–
PO4, pH 6.5 containing 0.5 mg/ml streptomycin sulfate)
until free of medium or residual bacteria. 1108 cells weredeposited on black filter paper disks (Thomas Scientific)
saturated with LPS [20,21]. Under these conditions, the cells
on each filter aggregate into 1000 multicellular assemblies,
each containing 1105 cells, that proceed synchronously
through morphogenesis.
2.2. Nucleic acid procedures
Standard protocols were used for DNA cloning [22]. Total
RNAwas isolated using TRI Reagent and genomic DNAwas
prepared using DNAzol (both from Molecular Research
Center, Inc., Cincinnati). Southern and Northern analyses
were performed as described [23]. RNA concentrations were
measured spectrophotometrically and equal loading was
confirmed by staining the rRNA. The following probes were
used: bsr—a 1.4 kb BamHI fragment excised from plasmid
SL63; catA—a 1189 bp fragment was generated by PCR,
using plasmid DNA as template; catB—a 2.1 kb SalI/NotI
fragment excised from plasmid SLK452; CSA—plasmid
c512 linearized with BglII; D19/PsA—plasmid D19 linear-
ized with NsiI; ecmB—a 2.4 kb HindIII fragment excised
from plasmid pDd56; and spiA—a 0.45 kb PCR product
from genomic DNA template.
2.3. Genetic disruption of the D. discoideum catB gene
The catB disruption vector was constructed by inserting
pBSR3, which contains the blasticidin S resistance gene
(BSr) as a selectable marker, into the DpnII site of the
catB gene [18]. Transformation and selection of D. dis-
coideum cells were performed as described [24]. 1.2 107
logarithmically growing Ax4 cells were harvested, washed
with cold electroporation buffer (10 mM Na–PO4, pH 6.1,
50 mM sucrose) and resuspended in 800 Al electroporation
buffer. The cell suspension was mixed with 20 Ag of
EcoRI-linearized catB disruption vector and electroporated
at 1.0 kV, 3 AF in a chilled 4-mm-gap cuvette using the
BioRad Gene Pulser. The electroporated cells were kept
on ice for 10 min and then divided among four petri
dishes, each containing 10 ml HL-5 medium supplemented
with 1 mM MgCl2 and 1 mM CaCl2. After 24 h,
blasticidin was added to the medium to 5 Ag/ml. Colonies
appeared in 7–10 days. To isolate single clones, the
transformed cells were plated on SM agar in association
with K. aerogenes. Gene disruption was confirmed by
PCR, Southern and Northern analyses, and enzyme activ-
ity assays.
2.4. Catalase temperature sensitivity
Amoebae and culminants were lysed in lysis buffer (10
mM K–PO4, pH 7.0, 0.1% Triton X-100, 1 protease
inhibitor cocktail (100 = 20 mM AEBSF (4-(2-amino-
ethyl)benzenesulfonyl fluoride), 100 mg/ml pepstatin A,
10 mg/ml leupeptin)) and incubated in a 65 jC water bath.
Samples were taken at different time points and analyzed for
Fig. 1. Expression of catalase activity during D. discoideum spore
germination. (A) Distribution of CatA and CatB enzymes activity in
growing cells and in mature spores. (B) Germination kinetics of
autoactivated spores. (C) CatA and CatB activities in autoactivated spores.
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described [18].
2.5. Spore preparations
Spores were lysed using a modification of previously
described methods [25,26], by vortexing in lysis buffer (for
catalase activity assays) or TRI Reagent (for total RNA)
together with acid-washed glass beads (212–300 AM diam-
eter; Sigma, St. Louis, MO) for 10 30-s periods with inter-
vening cooling on ice for 10 s. The lysates were centrifuged to
remove the glass beads and cell debris. Prior to use, the glass
beads were washed several times with 6N HCl and then
neutralized by washing with several changes of H2O.
2.6. Spore sensitivity to hydrogen peroxide or heat treat-
ment
Three- to four-day-old spores were suspended in LPS at
106 spores/ml and (A) treated with the indicated concen-
trations of H2O2 for 1 h with shaking, or (B) incubated at
indicated temperatures for 0, 15 and 30 min. Viability was
assessed by plating on SM plates in association with K.
aerogenes and scoring surviving colonies after 4 days. Each
experiment was repeated three times. Mean and standard
error were calculated using a statistical analysis tool kit in
Microsoft Excel.
2.7. Spore germination
Synchronous spore germination by autoactivation was
performed according to Cotter et al. [26,27]. Germination
efficiency was monitored by counting the proportion of
swollen spores and released cells, as a fraction of the total.3. Results
3.1. CatA enzyme activity resumes during spore germina-
tion
We previously reported that the D. discoideum catalase
enzyme activities exhibited cell-type specificity during
development. The CatA enzyme activity is the only catalase
in mitotically dividing cells and in early development and
becomes enriched in prestalk cells. The CatB enzyme
activity is specifically expressed in development, and is
restricted to prespore cells and mature spores (Fig. 1A and
Ref. [18]). Extensively washed spores show a low, but
reproducible, level of CatA activity compared to vegetative
cells. This suggested that sometime following germination,
there should be a switch in specificity from CatB to CatA. To
test this, we synchronously germinated spores by autoacti-
vation and sampled them throughout germination. Fig. 1B
shows the kinetics of the swelling of the spores and the
emergence of the amoebae for the first 7 h of autoinactiva-tion. Fig. 1C shows that concomitant with the emergence of
cell from the spore cases, there is a loss of the CatB enzyme
activity and an increase in CatA enzyme between 5 and 6 h.
Taken together, these data show that CatA activity is up-
regulated early in germination, before any cell division,
while CatB activity is rapidly lost. When spores were
germinated by heat shock, we observed similar temporal
decrease in CatB activity (data not shown).
3.2. CatB is required for proper development and for spore
viability
3.2.1. Construction of a D. discoideum catB disruption
mutant
The unique pattern of cell-type localization as well as
reports that altered ROS levels can affect development in
other organisms, suggested that the CatB enzyme has a
specific role in development in D. discoideum. To directly
examine the function of the CatB enzyme, a catB null
mutant was constructed by homologous recombination
using the construct depicted in Fig. 2A. It was unlikely
that such a deletion would be lethal, because the gene is
only expressed in late development and not in mitotically
dividing cells. catB null mutants were confirmed by PCR,
by Southern analyses and by enzyme assays. A PCR
reaction using catB-specific primer A and bsr-specific
primer B yielded a PCR product in the disrupted strains,
Fig. 2. Disruption of the catB gene in D. discoideum. (A) The catB gene was disrupted by homologous recombination using a linearized vector containing the
BSr gene as a selectable marker. (B) PCR analyses of putative catB mutants using the primers shown in (A). PCR products were separated on a 1% agarose gel.
Primers A and C are for catB; primer B corresponds to the sequence of the blasticidin resistance gene. (C) Southern analyses, (D) Northern analyses and (E)
native gel catalase assays of the wild-type and catB mutant.
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and C) yielded a PCR product only with the parent strain,
because the insertion of the 4.1 kb disruption vector in the
mutant would yield a PCR product that was too long to be
amplified under the same conditions (Fig. 2B). Southern
analyses confirmed the insertion of a single Bsr cassette
specifically within the catB locus (Fig. 2C). The catB null
mutant did not express any catB mRNA (Fig. 2D) or CatB
enzyme activity (Fig. 2E).
3.2.2. Loss of CatB affects the sensitivity of the spores to
oxidative stress but not heat
The presence of CatB activity in the dormant spores
implies that the enzyme is very stable. To directly test the
stability of D. discoideum CatB enzyme activity, lysates of
amoebae and culminants were incubated at 65 jC, sampled at
intervals and analyzed for catalase activities. The resultsshowed that the CatA enzyme was readily inactivated after
5min of heat treatment, while CatB enzyme activity remained
stable even after 15 min of heat treatment (Fig. 3A). This is
consistent with the fact that CatB is most similar to the
bacterial and fungal large subunit catalases, which are specif-
ically expressed during sporulation and stationary phase [18].
Despite the increased stability of the catB enzyme activity
at 65 jC (Fig. 3A), it does not contribute to the heat stability
of the mature spore. The catB null mutant cells were not
observed to be more sensitive to heat than the parental Ax4
cells (Fig. 3B).
In contrast, when we compare the survival of the
parental Ax4 and catB null spores after treatment with
increasing concentrations of H2O2, we found that the
absence of CatB in the mature spores considerably com-
promised their resistance to external exposure to H2O2, and
resulted in greater than 10-fold reduction in survival after 1
 Fig. 3. (A) Heat stability of CatB enzyme activity. Catalase activity was assayed in lysates of amoebae and culminants by a native gel catalase assay after heat
treatment for 15 min at 65 jC. (B) Wild-type and catB mutant spores were resuspended in LPS buffer and assayed for viability after heat treatment at 45 and 50
jC for 0, 15 and 30 min. (C) Wild-type and catB mutant spores were resuspended in LPS buffer and assayed for viability after exposure to increasing
concentrations of H2O2 for 1 h. Vertical bars represent standard error for each point.
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(Fig. 3C). It should be noted that Ax4 spores were very
resistant to H2O2 compared to growing Ax4 cells, where 1 h
exposure to 2 mM H2O2 results in only 17% survival [18].
This may be due, in part, to the impermeability of the spore
coat to H2O2.
3.2.3. catB is required for normal developmental timing
Parental Ax4 and catB null cells, harvested from loga-
rithmically growing cultures, were allowed to develop
synchronously, and were photographed at different timepoints throughout development (Fig. 4). The development
of the Ax4 strain (left panel) proceeded at the normal rate.
Tight aggregates were observed at 12 h, slugs by 16 h and
mature fruiting bodies by 24 h. The development of the catB
null strain (right panel) was similar to that of Ax4 for the
first 16 h. However, the aggregates then stalled at the slug
stage for 4 h, after which the multicellular assemblies
proceeded to culminate slowly and asynchronously. The
catB null mutant eventually formed normal-looking fruiting
bodies by 34 h, which is 10 h later than Ax4. The onset of
the delay in development in the catB null mutant occurred
Fig. 4. Developmental time course analyses of the wild-type and catB mutant. Vegetatively growing cells of the wild-type and catB null mutant were harvested,
washed, allowed to develop synchronously and photographed at intervals throughout development.
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Ax4 cells [18].
3.2.4. Expression of developmentally regulated genes is
altered in the catB null
Underlying morphogenesis inD. discoideum is a complex
and precisely regulated pattern of gene expression. The
timing of expression of those genes is tightly coupled to the
overall progress of morphogenesis [28]. Thus, the delayed
morphogenesis of the catB null mutant lead us to ask if there
was a corresponding change in the pattern of expression of
developmentally regulated genes. Fig. 5 shows the expres-
sion profile of several genes representing early, middle andlate development inD. discoideum. The contact site A (CSA)
gene encodes the cell adhesion molecule gp80 and is nor-
mally expressed at about 5 h of development [29]. CSAwas
expressed at the normal time in the catBmutant, and persisted
longer than in the wild-type. D19 and ecmB are cell type-
specific genes that are normally expressed later in develop-
ment during apical tip formation. The D19 gene encodes the
membrane protein PsA that is specifically expressed in
prespore cells [30]. ecmB encodes the large glycoprotein
ST310 and is specifically expressed in prestalk cells [31]. The
onset of expression of both genes was the same in the mutant
and Ax4 although their expression in the mutant appears
prolonged, similar to CSA. The prolonged expression of the
Fig. 5. Developmental gene expression in the wild-type and the catB null mutant. Wild-type and catB mutant cells were allowed to develop synchronously on filters. Samples were harvested every 2 h during
development. Expression of different developmental genes in the wild-type and the catB mutant was determined by Northern analysis.
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delayed late development. Interestingly, the expression of the
prestalk gene ecmB during culmination was elevated in the
mutant compared to the wild-type. The spiA gene encodes
the spore coat protein SpiA and is specifically expressed
during the terminal stages of differentiation and morpho-
genesis [32]. Consistent with the delayed late development,
spiAwas expressed 4 h later in the catB null mutant.4. Discussion
Changes in redox state have been associated with cell
differentiation and development in several systems [8–10].
Thus, there is interest in studying the developmental regu-
lation of antioxidant enzymes, whose activities may affect
cell function and cell fate by modulating oxidant-mediated
signal transduction events in specific tissues. Differences in
antioxidant capacities of different tissues and developmental
states can also lead to different sensitivities to endogenous
oxidative stress. However, the biological relevance of the
developmental regulation of these antioxidant enzymes is
not well understood.
Our recent identification and characterization of the D.
discoideum antioxidant catalase enzymes, CatA and CatB
has allowed us to address this question. We showed that
catA and catB were differentially expressed during growth
and development, both temporally and spatially. While catA
mRNA and enzyme activity were present in growing cells
and throughout development, catB mRNA and activity were
only expressed in late development and the mRNA levels
dropped off dramatically at culmination. CatA enzyme
activity was enriched in prestalk cells, and was localized
to peroxisomes, while CatB enzyme activity was specific to
prespore cells and present in the cytosol [18]. The complex
pattern of expression of the D. discoideum catalases sug-
gested (a) that the CatB enzyme functions to provide
protection/stability to the mature spores, and (b) that the
CatB enzyme may have a regulatory role in differentiation
and morphogenesis in D. discoideum. In the present study,
we confirmed both these hypotheses.
The prespore localization of CatB enzyme activity and the
homology of CatB to other large stress-induced catalases of
bacteria and fungi suggested that in D. discoideum CatB
functions in the protection of the dormant spores during
stressful conditions. In this regard, we have shown that CatB
enzyme activity is more heat-stable than CatA. The increased
stability of the high molecular weight catalases has been
attributed to the extended N-terminal and C-terminal regions
of these enzymes [33,34]. Structural studies of the large E.
coli catalase HPII have shown that its N-terminal region
interacts closely with the adjacent subunit, thereby stabilizing
the quaternary structure. The C-terminal region is a flavo-
doxin-like domain that has no known function, although its
removal hinders formation of the quaternary structure [35].
Notably, D. discoideum CatB contains the extended C-terminal region but does not contain a significant N-terminal
extension. This suggests a role for the C-terminal extension in
CatB enzyme stability. However, despite the relative heat
stability of the CatB enzyme, spores of the parental strain are
not more resistant to heat than those of the catB null mutant.
Clearly other proteins limit the heat resistance of the spores.
In contrast, catB null spores were over 10-fold more
sensitive to H2O2 than the parental strain. The presence of
CatB in dormant and germinating spores presumably pro-
tects the cells from damage from ROS, which is expected to
increase concomitantly with the abrupt increase in respira-
tion at the onset of spore germination [36]. In similar fashion,
disruption of the spore-specific catalase CatA in A. nidulans
lead to a 90-fold increased sensitivity of dormant spores to
H2O2 [37]. Disruption of the B. subtilis spore-specific
catalase KatX had no effect on the resistance of dormant
spores to H2O2 [38,39] but significantly increased the
susceptibility of germinating spores to H2O2 [38]. Germinat-
ing CatA-deficient A. nidulans spores were significantly
more sensitive to H2O2 and heat treatment [40,41].
The catB null mutant is delayed in late development and
has associated changes in the patterns of expression of
developmentally regulated genes. We suggest that in the
absence of CatB, ROS accumulate abnormally and affect
redox-sensitive processes and protein activities that are
crucial for the culmination of multicellular development.
Several previous studies have demonstrated that ROS
levels increase during early development in D. discoideum
[42,43]. Increased ROS may be due to increased peroxisomal
oxidation of urate during development since urate oxidase
activity has been observed to increase during early develop-
ment [44] and treatment with urate oxidase inhibitors
reduced ROS production [43]. The effect on later develop-
ment was not examined in these studies. The ROS may also
be generated by leakage from the mitochondrial electron
transport chain [43] or via cyanide-resistant respiration [45].
Interestingly, it has been noted that mitochondrial activity is
higher in prespore cells compared to prestalk cells [45–47].
It has been suggested that the increased ROS levels may
serve as intracellular signals in the initiation of development
and differentiation in D. discoideum [42,43,48]. Overex-
pression of cytosolic SOD or treatment with superoxide
scavengers inhibit the aggregation process [49], which
indicates that ROS play a crucial role during aggregation.
Biochemical inhibition of cyanide-resistant respiration,
which can lead to excess ROS production, enhanced the
expression of the prestalk-specific genes ecmA and ecmB
and induced most cells in the aggregate to differentiate into
stalk-like cells [45]. Similarly, hyperoxic conditions lead to
an increased proportion of prestalk cells in aggregates and
slugs [50,51]. These studies are consistent with our obser-
vation that the catB mutant had elevated expression of the
prestalk marker ecmB and supports the idea that ROS are
indeed accumulating to abnormal levels in the catB null
mutant. The delayed expression of the culmination-specific
gene spiA and the slow development of the catB mutant
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late development. The aberrant timing of gene expression
and development in the null mutant reflect the normal
timing of catB expression.
Preliminary experiments in our lab using exogenous
modulators of ROS were consistent with these ideas. We
have used the ROS generators menadione and t-butyl
hydroxyquinone (TBHQ) in an attempt to create a pheno-
copy of the catB null mutant. After adding the ROS
generators to developing wild-type Ax4 cells, which had
just reached the finger (slug) stage, menadione had no effect
at 0.01 or 0.1 mM and a modest effect at 1.0 mM where it
slightly delayed development compared to mock-treated
controls. Similarly, TBHQ also had no effect at 0.03 and
0.3 mM but at 3 mM had a dramatic effect, freezing
development at the slug stage although some small fruits
formed by 26 h. The pattern of development in the presence
of TBHQ (and to a lesser extent with menadione) is
strikingly similar to the pattern of development of the catB
null strain. ROS inhibitor N-acetyl cysteine (NAC) was used
to try and reverse the phenotype of the catB null strain.
Cells treated with 15 mM NAC were unaffected and looked
like the mock-treated catB null mutant. A greater effect was
seen with 25 mM NAC where the aggregates remained
upright and did not fall over into migrating slugs like the
catB null. Increasing the concentration to 35 mM and above
completely blocked further development.
The treatments did not perfectly produce a mutant pheno-
copy (ROS generators) or reverse the mutant phenotype
(ROS trap). Perhaps, this is not unexpected, given that the
agents were added exogenously in a single dose and we do
not yet understand the nuances of the spatial and temporal
actions of endogenous ROS. Moreover, these experiments
support the notion that the level of ROS is finely regulated
within the cell. While low levels of ROS have a regulatory
role in development, higher levels are toxic to the cells.
ROS may be affecting critical signaling proteins. The
Ca2 +/CaM-dependent protein phosphatase calcineurin,
which is required during early differentiation [52], has
recently been demonstrated to be redox-regulated [53].
Studies have indicated that thioredoxin may be involved
in the redox regulation of calcineurin under physiological
conditions [53]. Notably, thioredoxin activity in D. discoi-
deum has been shown to be developmentally regulated, with
peak activity occurring at culmination [54]. Determining the
specific roles of ROS in modulating developmental gene
expression and signaling pathways in D. discoideum will be
the next challenge as we move towards the goal of under-
standing the interplay between redox regulation and devel-
opmental processes.Acknowledgements
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